BACKGROUND/OBJECTIVES: Elevated homocysteine (Hcy) is a known cardiovascular risk factor. However, its role in intergenerational cardiometabolic risk is unknown. We hypothesized that maternal elevated Hcy can act alone or in combination with maternal prepregnancy obesity to increase child systolic blood pressure (SBP). METHODS: This study included 1279 mother-child pairs who were enrolled at birth and followed prospectively up to age 9 years from 2003 to 2014 at the Boston Medical Center. Child SBP percentile was calculated according to US reference data and elevated SBP was defined as SBP ⩾ 75th percentile. RESULTS: A U-shaped relationship between maternal Hcy and her child SBP was observed. The risk for child elevated SBP was higher among those in the lowest quartile (Q1, odds ratio (OR): 1.27; 95% confidence interval (CI): 0.94-1.72), and highest quartile (Q4, OR: 1.34; 95% CI: 1.00-1.81) as compared with those in quartiles 2 and 3. The highest risk of child elevated SBP was found among children born to obese mothers with Hcy in Q4 (OR: 2.22; 95%CI: 1.35-3.64), compared with children of non-obese mothers with Hcy in Q2-Q3. This association was independent from maternal folate and vitamin B12 status, and was not mediated by gestational age or size at birth. CONCLUSIONS: In this prospective birth cohort, we observed a U-shaped association between maternal Hcy levels and child elevated SBP. Maternal high Hcy (Q4) and prepregnancy obesity jointly increased the risk of child elevated SBP by more than twofold.
INTRODUCTION
Homocysteine (Hcy), which by itself can cause endothelial cell injury, [1] [2] [3] is an intermediate molecule of methionine metabolism and is elevated in the presence of folate and/or vitamin B12 deficiencies. 4 Elevated Hcy is a known cardiovascular risk factor. For example, total Hcy is a well-established marker of increased stroke risk via its role in accelerating atherosclerotic disease. 5, 6 Some studies have identified a direct relationship between plasma Hcy concentrations, systolic blood pressure and hypertension. 7, 8 In the third National Health and Nutrition Examination Survey, the prevalence of hypertension was a 2-to 3-fold higher among individuals in the highest quintile of plasma Hcy compared with those in the lowest quintile. 9 However, the role of Hcy in intergenerational cardiometabolic risk is unknown. Several studies showed that the risk of pregnancy complications and adverse pregnancy outcomes including low-birthweight and intrauterine growth restriction were increased among women with elevated Hcy concentration in the third trimester. 10, 11 Furthermore, these complications and outcomes were associated with cardiovascular disease in children. We speculated that maternal Hcy concentration during late pregnancy may have a long-term influence on child cardiometabolic health-including key risk factors such as blood pressure.
Even in normal pregnancy, the blood levels of folate, cobalamin, and pyridoxal 5-phosphate tend to go down, 12 leading to a hightotal oxidation status. In the presence of insufficient intake of these essential micronutrients, maternal oxidative stress may further increase, which may impair fetal growth, potentially constituting a developmental risk factor for adult disease. In addition, oxidative stress increases DNA damage. 13 In a pilot randomized controlled trial of pregnant women, 14 continued supplementation with 400 μg folate/d in the second and third trimesters increased maternal and cord blood folate status, and prevented the increase in Hcy concentration in late pregnancy. However, there is little clinical and epidemiological evidence about whether maternal Hcy concentrations during pregnancyparticularly in the third trimester-can influence childhood health outcomes. Moreover, it remains to be determined whether an elevated Hcy concentration is only a reflection of folate status, or whether it has an independent effects on the vascular system.
In the US, obesity affects over one third of the women of childbearing age. 15 Maternal prepregnancy obesity has been linked to higher offspring systolic blood pressure (SBP), likely through intrauterine mechanisms. 16, 17 In animal and human studies, maternal obesity also has been associated with high blood Hcy levels. 18, 19 From this perspective, studying the association between maternal Hcy and child BP in the presence and absence of maternal prepregnancy obesity could provide new insight into their joint association with child BP.
Using a large, existing US prospective birth cohort, the current study sought to test the hypotheses that maternal elevated Hcy can act independently and/or jointly with maternal prepregnancy obesity to increase child SBP at age 3-9 years.
METHODS

Study participants
The Boston Birth Cohort (BBC) was initiated in 1998 with a rolling enrollment protocol. The BBC's largely urban, low-income minority population has been described previously; 20 the current study included mother-infant pairs from this cohort. At enrollment, within 48-72 h of delivery, mothers responded to a standardized questionnaire to assess maternal demographic and environmental information, including prepregnancy weight, height, race/ethnicity, education, smoking status, alcohol intake, parity, perceived stress during pregnancy and prenatal multivitamin intake. The research team also drew blood from all mothers at enrollment. Since 2003, children were followed if they were enrolled in the BBC and planned to receive primary care at Boston Medical Center (BMC). Information on post-natal demographics and environment was also collected using a standardized questionnaire. The study protocol was approved by the Institutional Review Boards of Boston University Medical Center, Ann & Robert H. Lurie Children's Hospital of Chicago, and the Johns Hopkins Bloomberg School of Public Health. All of the study mothers provided written informed consent.
Supplementary Figure S1 displays how participants were selected for this analysis. Of the 7939 mother-child pairs enrolled in the BBC, 1877 were followed from 2003 to 2014 and completed at least one post-natal wellchild visit with BP measurement between ages 3 and 9 at BMC. The current analysis was further restricted to 1279 mother-child pairs who had complete data on prepregnancy BMI, diabetes (either pre-existing or gestational diabetes), hypertensive disorders in pregnancy, gestational age, birthweight and maternal plasma Hcy. The demographic characteristics and birth outcomes of the mothers were comparable between participants who were included and excluded from the study ( Supplementary Table S1 ).
Maternal variables
A standard maternal questionnaire interview was used to determine maternal prepregnancy weight and height within 2-3 days of delivery. Maternal body mass index (BMI) was calculated as weight in kilograms divided by height in meters squared (kg m − 2 ), and then categorized into three groups: normal weight (18.5-24.9 kg m − 2 ), overweight (25-29.9 kg m −2 ), and obesity (⩾30 kg m −2 ) using criteria from the Centers for Disease Control and Prevention. 21 Because the effects of normal weight and overweight on child SBP were similar (data not shown), prepregnancy BMI was re-categorized into two groups: non-obese (18.5-29.9 kg m − 2 ) and obese (⩾30 kg m −2 ) in the subsequent analyses. Underweight mothers were not included in the analysis due to a small sample size (n = 44).
Maternal race/ethnicity was classified as Black, Hispanic or Other (which included White, Asian, Pacific Islander and mothers who reported more than one race). Maternal education level was categorized into high school and below vs college and above. The information on maternal smoking and alcohol intake was based on maternal self-report during a standardized questionnaire interview within a few days of delivery. Maternal smoking during pregnancy was classified into three groups: never smoker (did not smoke cigarettes at any time during the index pregnancy), quitter (only smoked in the three months leading up to the pregnancy or during the first trimester) or continuous smoker (smoked from prepregnancy to delivery). 22 We defined alcohol intake as 'No' for those women who did not drink or only occasionally drank alcohol during their entire pregnancy. We defined intake as 'Yes' for those who regularly drank alcohol during pregnancy. Perceived stress during pregnancy was categorized into low vs high. 23 Maternal hypertensive disorders of pregnancy 24 included one or more of the following: pregnancy-induced hypertension (that is, gestational hypertension, preeclampsia, eclampsia and HELLP syndrome), as well as hypertension that existed before pregnancy (referred to here as existing hypertension). Maternal diabetes status was classified as nondiabetic or diabetic (either pre-existing or gestational diabetes). 20 Gestational age was determined based on the first day of the last menstrual cycle and by early prenatal ultrasonographic results. 22 Infants were then categorized into term (⩾37wks) and preterm ( o37wks). 20 Birthweight was abstracted from the electronic medical record (EMR). Birthweight for gestational age was classified into three groups: small for gestational age (SGA; o 10th percentile), large for gestational age (LGA; 490th percentile) and appropriate for gestational age (AGA; 10th to 90th percentile) according to an established local gender-and race-specific reference population. 25 Anthropometric outcomes and blood pressure Child weight, height and BP were measured by medical staff during wellchild visits as documented in the EMR. Height and weight z-scores were calculated using US reference data. 26 For our primary outcome variable, we focused on childhood systolic BP rather than diastolic BP because it is a better predictor of later outcomes and is more accurately measured. 27, 28 In the BMC, child SBP was measured using an appropriate sized cuff, and measured at the right brachial artery using the validated automatic sphygmomanometer Masimo Set (2003-2008: the Welch Allyn 420 Spot Vital Signs monitor; 2008-2014, the Welch Allyn 45MT0 Spot Vital Signs LXi monitor). SBP percentile was calculated using a US national reference for age, gender and height. 29 In accordance with earlier definitions used amongst pediatric populations to define childhood metabolic syndromelike phenotype, 30 we defined elevated SBP as SBP ⩾ 75th percentile.
Ascertainment of plasma Hcy, folate and vitamin B12 concentrations
Plasma Hcy was measured using automatic clinical analyzers (Beckman-Coulter) at the core laboratory of the National Clinical Research Center for Kidney Disease, Nanfang Hospital, Guangzhou, China. 31 Folate and vitamin B12 were measured by a commercial laboratory using chemiluminescent immunoassay on a MAGLUMI 2000 Analyzer (Snibe Co., Ltd) with an interassay coefficient of variation of o4%. 32 
Statistical analysis
Our primary outcome of interest was SBP measured at the last well-child visit. We modeled SBP percentile (continuous variable) and elevated SBP (binary variable). The primary predictor that we assessed was maternal Hcy concentration.
As a first step, we examined the linear association between maternal plasma Hcy and child SBP percentile using smoothing plots (PROC LOESS). Due to the U-shaped relationship between Hcy and SBP, we analyzed Hcy as a categorical variable. We modeled Hcy in quartiles (Qs) and grouped them into three categories for all of the regression analyses: low (Q1: 3.14-6.27 μmol l − 1 ), adequate (Q2-Q3:6.28-9.57 μmol l − 1 ) and high (Q4:9.58-22.59 μmol l − 1 ). We use Q2-Q3 as the reference category in the analyses, and this was used to address the question 'Are low or high maternal Hcy levels associated with higher child SBP?'
Next, we estimated the individual and joint association between maternal Hcy and maternal prepregnancy obesity on child SBP using linear regression models, and child elevated SBP using logistic regression models. We assessed the interaction effect of maternal prepregnancy obesity (0 = No, 1 = Yes) and Hcy status on child elevated SBP percentiles and assessed the odds of elevated SBP by including two cross-product terms in the models, with indicator terms for maternal prepregnancy obesity and Hcy status.
In the final step, we assessed the independent effect of maternal Hcy on child SBP with additional adjustment for: (1) maternal plasma folate and vitamin B12 levels during pregnancy; and (2) birth outcome (preterm and body size at birth). To further evaluate the strength of the findings, we conducted stratified analyses by race (Black only, the majority race group in the BBC) and child age group (ages 6-9 only).
For all analyses using regression models, we adjusted for maternal age, race, education, alcohol intake, smoking, parity, perceived stress during pregnancy, diabetes and hypertensive disorders. Covariates were selected based on previous literature documenting their association with exposures and outcomes of interest in our study. We additionally adjusted for child plasma Hcy, and investigated the combined effect of child Hcy and maternal Hcy on child SBP percentile and the odds of elevated SBP. Child age, sex and height were excluded from the regression models because they had already been accounted for when we defined the outcome variables. All of the statistical tests were two-sided and significance was set Maternal obesity and homocysteine on child SBP at Po 0.05. All statistical analyses were performed using SAS (SAS Institute), version 9.4.
RESULTS
This study was comprised of 1279 mother-child pairs, including 864 Black (67.6%) and 247 Hispanic (19.3%). In all, 322 (25.2%) mothers were obese in prepregnancy, and a total of 369 (28.9%) children had elevated SBP at ages 3-9. Children with elevated SBP had a lower birthweight, a shorter gestational age, and a higher current BMI. They were also more likely to have mothers with prepregnancy obesity and hypertensive disorders ( Table 1 ). The median (interquartile range (IQR)) for maternal plasma Hcy concentrations was 7.55 μmol l − 1 (IQR: 6.28-9.57 μmol l − 1 ).
Maternal homocysteine concentration, maternal prepregnancy obesity and child SBP A U-shaped association between maternal Hcy concentration and child SBP percentile was observed. Figure 1 shows the association between maternal Hcy and child SBP percentile stratified by prepregnancy BMI category in this cohort. The lowest child SBP levels appeared in children whose mothers had Hcy levels in Q2-Q3 (6.28-9.57 μmol l − 1 ), and higher child SBP levels were seen in mothers with low (Q1: 3.14-6.27 μmol l − 1 ) and high (Q4: 9.58-22.59 μmol l − 1 ) Hcy concentrations, especially in mothers with prepregnancy obesity. Because similar patterns were observed in both genders, the following analyses were conducted using the whole cohort.
After accounting for multiple covariates, the risk for child elevated SBP was higher among those whose mothers were in the highest Hcy quartile (Q4) as compared with those in Q2-Q3, with an odds ratio (OR) of 1.34 (95% confidence interval (CI): 1.00,1.81). Children born to obese mothers had higher SBP percentiles and higher odds of elevated SBP ( Table 2) . As shown in Figure 2 and Table 3 , there was a significant combined effect of maternal Hcy concentration and prepregnancy obesity on offspring SBP percentile and odds of elevated SBP. Children of obese mothers with highest quartile (Q4) Hcy concentrations had a 10.25-unit increase (95% CI, 4. 27, 16.22) in SBP percentile and a 2.22-fold increased risk (95%CI, 1.35, 3.64) for elevated SBP compared with children of non-obese mothers with Hcy concentrations in Q2-Q3. There was not a significant interaction between maternal Hcy level and prepregnancy obesity (P40.05). Further adjustment for maternal folate and vitamin B12 levels during pregnancy ( Supplementary Table S2 ), and birth outcome (preterm birth or size at birth, Supplementary Table S3 ) in the multivariate logistic models did not alter our findings.
Sensitivity analyses to assess the robustness of the findings The associations described above did not differ substantially across strata of race (Black only, Supplementary Table S4 ), or child Figure 1 . The association between maternal plasma homocysteine and child SBP percentile stratified by prepregnancy BMI category. The graph displays the crude association between maternal plasma homocysteine concentration and offspring SBP percentile stratified by maternal prepregnancy BMI category. The y-axis presents least square means and 95%CI of child SBP percentiles, as estimated using a generalized linear model with adjustment for maternal age, race/ethnicity, education, smoking, alcohol intake, parity, perceived stress during pregnancy, diabetes and hypertensive disorders. There was no significant interaction between maternal Hcy status and prepregnancy obesity (P40.05). (b) The y-axis presents adjusted probabilities and 95%CI of child elevated SBP, as estimated using a logistic regression model with adjustment for the previously mentioned covariates. There was no significant interaction between maternal Hcy status and prepregnancy obesity (P40.05). Body mass index was calculated as weight in kilograms divided by height in meters squared. The BBC uses a rolling enrollment; the study sample consisted of children enrolled from 1998 to 2012 who have been followed up from birth up to the last visit recorded by electronic medical record. Maternal plasma homocysteine quartile (Q) range: Q1: 3.14 to 6.27 μmol l − 1 ; Q2: 6.28 to 7.54 μmol l − 1 ; Q3: 7.55 to 9.57 μmol l − 1 ; Q4: 9.58 to 22.59 μmol l − 1 .
age (6-9 years only, Supplementary Table S5 ). For the 702 study children with data on post-natal Hcy concentrations, these children showed lower plasma Hcy concentrations than their mothers: median (IQR): 6.04 (5.15-7.41) μmol l − 1 vs 7.55(6.28-9.57) μmol l − 1 . There was a weak correlation between the mother's and child's Hcy level (correlation coefficient: 0.15). The effect of maternal Hcy and prepregnancy obesity on offspring SBP percentile and odds of elevated SBP continued after further adjustment for child Hcy status ( Supplementary Table S6 ).
DISCUSSION
To the best of our knowledge, this is the first prospective birth cohort study to assess the combined effect of maternal Hcy concentration and maternal prepregnancy BMI on childhood SBP. Our findings support the premise that maternal Hcy status in the 3rd trimester may play a critical role in child SBP amongst children with obese mothers. Our data first revealed a U-shaped association: maternal plasma Hcy concentrations in the lowest quartile (Q1) and highest quartile (Q4) were associated with an increased risk for child elevated SBP as compared with those in Q2-Q3. On the basis of our thorough literature review, this association between low maternal Hcy and risk of child elevated SBP has not been described before and the underlying mechanisms have not be elucidated. Hcy is a sulfurcontaining, non-proteinogenic amino acid. Its metabolism involves two pathways: trans-methylation and trans-sulfuration. 33 Hcy is the normal intermediate for conversion of methionine into cysteine, and thus for production of glutathione, taurine and sulfate. Individuals with low Hcy have a restricted ability to respond to oxidative stress and toxins. 34, 35 We speculate that this limited capacity for response to oxidative stress due to low Hcy may enhance the effect of maternal oxidative stress during pregnancy, which may impair fetal growth and increase the risk of child elevated SBP.
High Hcy is common worldwide, especially in low folate regions, 31 and even in the US. In the Framingham Study, the largest longitudinal study conducted on risk factors for cardiovascular disease, the prevalence of high Hcy was 29.3% for the entire cohort. 36 In women of childbearing age, a UK study showed that the prevalence of hyperhomocysteinemia was 21.2%. 37 Numerous studies have demonstrated the association between elevated Hcy during pregnancy and pregnancy complications, 38 as well as adverse pregnancy outcomes. 11, 39 However, there is a very limited literature regarding the role of maternal Hcy in intergenerational cardiometabolic risk factors like BP. A study of six year-old children found that maternal 1st trimester Hcy concentrations were not associated with childhood BP. 40 Our study found that elevated maternal Hcy concentrations in the 3rd trimester may increase the harmful effects of maternal prepregnancy obesity on child SBP.
The mechanisms underlying the influence of maternal Hcy on child SBP amongst obese mothers are not clear, but prior research offers some possibilities. One potential mechanism is that maternal prepregnancy obesity can lead to placental inflammation, systemic inflammation and oxidative stress, as demonstrated in two previous studies. 41, 42 Moreover, total oxidation status increases Hcy levels, and is known to generate reactive oxygen species such as H 2 O 2 . Accordingly, it has been proposed that elevated Hcy concentration causes endothelial dysfunction; thus, women who have hyperhomocysteinemia may be likely to experience endothelial dysfunction in the placental vasculature, 13, 43 which may also have an effect on offspring cardiometabolic health via intrauterine mechanisms. 44 Elevated Hcy is known to be a modifiable risk factor due to the involvement of vitamin B12 and folate in the transmethylation to methionine. Most times, the use of these vitamins supplements can return Hcy to an appropriate levels, and may also foster a reduction in related adverse outcomes. However, one study demonstrated increased Hcy levels in mothers of children with neural tube defects even with high circulating folate concentrations, which suggests that there is a direct adverse effect of high Hcy on the developing fetus. 45 In our study, maternal Hcy had an effect on child SBP independent of maternal folate and vitamin B12 status. These findings support the premise that an elevated Hcy concentration is singularly harmful, for example, via effects on the fetal vascular system. Further studies are needed to elucidate the underlying mechanisms.
Our study had several limitations. We used maternal plasma Hcy concentrations taken at 2-3 days post-delivery, which is at best a proxy of plasma Hcy during the third trimester of pregnancy. It would be ideal to evaluate maternal Hcy in each trimester given that it changes during pregnancy. Unfortunately, we do not have such data. The question about the role of Hcy in each trimester of pregnancy remains to be determined. While the cardiovascular system develops most rapidly during the first trimester, an increase in maternal Hcy concentration and the effect of maternal Hcy on pregnancy complications (hypertensive-disorder) and adverse pregnancy outcomes all mostly occur in the third trimester. 11 In addition, maternal cardiometabolic risk factors (obesity, hypertensive-disorder, diabetes), poor birth outcome and maternal nutrition in the third trimester are associated with cardiovascular health in childhood. 32 Although we did not measure fetal Hcy concentrations, a previous study has suggested that the maternal Hcy level is the primary predictor of blood Hcy in the developing fetus. 46 In our study, we based maternal prepregnancy BMI on self-reported height and weight, thus it may have been subject to reporting bias that led to a misclassification for overweight and obesity. 47 To assess this possibility, in a subset Adjusted for maternal age, race, education, smoking, alcohol intake, parity, perceived stress during pregnancy, hypertensive-disorder and diabetes; Plasma Hcy: Q1:3.14-6.27 μmol l − 1 ; Q2-Q3:6.28-9.57 μmol l − 1 ; Q4:9.58-22.59 μmol l − 1 . OR, odds ratio; 95%CI, 95% confidence interval. There was no significant interaction between maternal Hcy status and prepregnancy obesity (P40.05). *Po0.05; **Po 0.01; ***P o0.001.
of the study population (N = 672), we compared self-reported BMIs with BMIs extracted from the medical records and found high concordance (r = 0.89, P o0.001). Similarly, maternal plasma Hcy levels are objective measures and their joint association with maternal prepregnancy BMI on child BP is intriguing and merits additional investigation. Gestational weight gain (GWG) is also a major determinant of offspring health outcomes. However, we have limited data on GWG which resulted in a small sample size for the models with SBP percentiles and elevated SBP and a lack of statistical power. In addition, for a number of reasons the exclusion of 598 children may have resulted in selection bias, although the demographic characteristics of the excluded children were comparable to those of the included children. Another limitation of our study is that it was observational and as such we could not rule out the possibility of residual confounding by unmeasured covariates or confounding, such as other vitamins (methionine, B6, B2, choline and betaine) involved in the DNA methylation cycle, which could have influenced maternal levels of Hcy and childhood SBP.
Perspectives
In our investigation of this US urban low-income prospective birth cohort, we found that maternal third trimester elevated Hcy and prepregnancy obesity can jointly increase the risk of elevated SBP in children by more than two-fold. Further studies will be needed to replicate these findings and reveal the underlying mechanisms. If further confirmed, screening for Hcy levels in obese mothers may help to identify high risk groups and inform new intervention strategies in order to mitigate intergenerational cardiometabolic risk.
